ABSTRACT: The compressive strength of a soil bag pile when compressed vertically and the shear strength when sheared laterally were evaluated by performing a series of full-scale loading tests. The effects of soil bag material, backfill soil type, number of soil bags in a pile and associated effects of the end restraint at the top and bottom ends of a soil bag pile were evaluated. The results of vertical compression tests showed that initial compaction of the backfill in the soil bags is effective in increasing the initial stiffness at small deformation, and that preloading is even more effective in increasing the overall stiffness and decreasing the creep deformation. The shear strength of a soil bag pile subjected to lateral shear is substantially smaller as compared with a high compressive strength when compressed vertically. It was found that the shear strength of wellgraded granular backfill was partially mobilised in vertical compression tests but the mobilisation was even lower in the lateral shear tests. The soil bag pile showed highly anisotropic strength characteristics, resulting from no or negligible complementary shear stresses acting at the vertical interface between the horizontally adjacent soil bags and highly anisotropic reinforcing effects of geosynthetic cover sheets of soil bags.
BACKGROUND
Geosynthetic-reinforcing technologies are receiving increasing attention in the civil engineering community. This is because they can provide cost-effective solutions to a number of critical construction and maintenance problems of civil engineering structures, often by combining with other new construction technologies. Horizontal arrangement of planar sheets of geogrid or geotextile made of polymer, such as polyethylene, polypropylene or polyester, in the backfill is one of the most popular soil-reinforcing technologies at present. The use of soil bags made of polymer geosynthetic is yet another innovative technology. As soil bags can exhibit a relatively large compressive strength when vertically compressed, even without external confinement, they are often placed at the wall face of geosynthetic-reinforced soil (GRS) retaining walls. Tatsuoka et al. (1997) described several GRS retaining walls that were constructed by compacting each soil layer with the soil bags at the edge; a geogrid reinforcement layer was wrapped around the edge soil bags. A concrete layer was then cast in place against the wall face to form a full-height rigid facing of lightly steel-reinforced concrete slab to which the back of all the reinforcement layers were firmly connected. Uchimura et al. (2003 Uchimura et al. ( , 2005 described a new construction technology that involves applying a vertical preload and prestress to the backfill of a GRS soil-retaining wall before constructing the full-height rigid facing so that the reinforced backfill exhibits minimum residual deformation due to long-term dead loads and live loads (such as traffic loads) as well as seismic loads. Other applications of soil bags were studied by Matsuoka et al. (2003) , Matsushima et al. (2005) and Lohani et al. (2004) among others. Tatsuoka (2004) proposed an approximate isotropic perfectly plastic solution for the vertical compressive strength of soil bag piles.
The present study is focused on the use of a soil bag pile as a structural component of a permanent civil engineering structure supporting external load, unlike the conventional use in temporary constructions such as flood protection and temporary embankments. To this end, the strength and deformation characteristics of a soil bag pile subjected to vertical compression and lateral shear were evaluated experimentally. In so doing, effects of influencing factors were evaluated to find methods that can ensure high performance of soil bag structures during their lifetime. The experiments performed are summarised below.
OVERVIEW OF TESTING PROGRAMME

Vertical compression tests •
Initial compaction of the backfill: Full-scale tests were performed on soil bags with different types of backfill that were either compacted or uncompacted in advance of the vertical compression tests.
•
Material type of soil bag: Two different types of geosynthetic, a stronger but relatively expensive material and a weaker but relatively inexpensive material, were used.
Backfill type: In addition to three types of natural soil, a recycled product of crushed concrete aggregate was used.
• Height (H)/width (W) ratio of a laterally unconfined soil bag pile, or the number of soil bags: The range of H/W examined was from 0.54 to 2.55.
Vertical preloading: The initial stiffness at relatively small compression of virgin soil bags, before sufficiently large tensile force is introduced in the bag sheets, is very low. The experimental programme examined whether this inherent drawback of soil bags can be alleviated by applying appropriate vertical compressive preload.
Lateral shear tests
The strength and deformation characteristics of a soil bag pile when subjected to lateral shear load was evaluated to predict the overall stability of such soil bag structures when subjected to various modes of loading in various directions, typically those due to seismic loads. The effectiveness of placing a geogrid layer at each horizontal interface between vertically adjacent soil bags in increasing the stability against lateral shear loading was evaluated. Table 1 shows the four test series performed in the present study. Among them, the first three series include vertical compression tests and the fourth one, lateral shear tests. Effects of one or more of the following parameters were evaluated in the various test series:
MATERIALS AND EXPERIMENTAL CONDITIONS
• the type of material for the soil bag; • the backfill material inside a soil bag; • the method to prepare soil bags; and • the compaction condition of the backfill.
The loading condition, either vertical compression or lateral shear, is another test parameter. Further details of the test methods and related parameters are given below.
Soil bag materials
The following two types of woven geotextiles were used.
• Polyethylene (PE): a relatively weak but relatively inexpensive material with a nominal tensile rupture strength of 3.75 kN/m. In civil engineering practice, its current use is mainly limited to temporary works, such as flood protection.
• Polypropylene (PP): a relatively strong but relatively expensive material with a tensile rupture strength of 14.5 kN/m, protected from ultraviolet light. This is often used in agricultural works, for example to cover the ground surface to prevent the growth of unwanted grass, or to make pathways in muddy places.
Tensile loading tests were conducted on geotextile specimens that were 100 mm long (excluding the end support length) and 50 mm wide at a strain rate equal to 1%/min ( Figure 1 ). It may be seen that the PP sheet is considerably stronger, by a factor of about four, than the PE sheet. As the tensile strain at peak is nearly the same, the pre-peak stiffness of the PP sheet is also considerably higher than that of the PE sheet. Figure 2 shows the particle size distribution curves of the backfill materials employed in the present study. As the backfill for the series L vertical compression tests (explained later), only an aggregate obtained by crushing electric pole concrete (called recycled electric pole aggregate, REPA) having a maximum particle diameter D max ¼ 37.5 mm was used. Aqil et al. (2005) , Tatsuoka et al. (2006) and Tomita et al. (2006) showed that, when highly compacted, crushed concrete aggregates having D max ¼ 37.5 mm and 19 mm exhibit very high strength and prepeak stiffness in drained triaxial compression (TC), which is similar to, or sometimes better than, that of well-graded crushed quarry gravelly soil. To reconfirm the strength and deformation characteristics of REPA described above, drained TC tests ( Figure  3 ) were performed on cylindrical specimens (100 mm in diameter 3 200 mm high) prepared by compacting the REPA material passing the 19 mm sieve as shown in Figure 2 . The specimens were prepared in a split mould, first by thoroughly mixing at water content close to the optimum water content and then by compacting in three equal sub-layers with an energy equivalent to the standard Proctor energy. Confining pressures of 30 kPa, 60 kPa and 90 kPa were applied by partial vacuuming. The axial strain rate was 0.03%/min. Axial and lateral strains were measured locally using a pair of vertical local deformation transducers (LDTs) (Goto et al. 1991) and three clip gauges, as described by Aqil et al. (2005) . The angle of internal friction obtained by assuming zero cohesion of this material is as high as 588, which is similar to the values for high-quality, well-graded gravelly soils used as the best backfill. It is expected that soil bags filled with crushed concrete aggregate as a coarse, well-graded granular backfill can be used to construct permanent civil engineering structures, contributing to a reduction of the environmental problem associated with the large amount of concrete waste that is being produced today.
Backfill materials
A series of compaction tests was performed in the field by using the following backfill materials, which were also used to prepare the specimens for the series F vertical compression tests: Table 2 shows the results of compaction tests performed using these backfill materials in accordance with JIS A 1210 by adopting methods Ab and Cb (Bb and Eb, respectively, for REPA). It is considered that compacted and uncompacted specimens of these materials cover a relatively wide range of dry density, providing a general picture of the deformation and strength characteristics of soil bags.
3.3. Soil bag preparation and loading methods 3.3.1. Vertical compression tests The following three series of vertical compression tests, each using soil bags obtained by a different preparation method, were performed (see Table 1 ): In series L, the effects of backfill compaction, height/ width ratio (H/W) and soil bag material on the strength and deformation characteristics of a stacked soil bag pile were evaluated. For soil bag preparation, REPA (D max ¼ 37.5 mm) was mixed at water content w ¼ 10%, slightly above the optimum water content (w opt ) when using the standard Proctor compaction energy (method Bb). The respective soil bag was filled with a total moist mass of 19.6 kg/bag, which was about 50% of its full-volume capacity. Except for three tests in which the backfill was not compacted in this series, all REPA-packed soil bags were compacted as described below. Figure 4 shows the relationships between the compression of the soil bag (and hence the average compacted dry unit weight of the backfill) and the duration of compaction obtained from two preliminary compaction tests using a laboratory vibratory compactor having a mass of 170 kg. Two soil bags, each with moist REPA (D max ¼ 37.5 mm) and 39 kg mass at 10% water content, were purposely made initially either in a relatively loose or dense state. The total compaction energy E for a given duration T is calculated as
where N is the total number of cycles applied for a given duration; m is the mass of the rammer; v is the velocity of the rammer, equal to Aøcosøt; ø is the angular velocity; A is the amplitude of vibration; and a is the amplitude of acceleration. The average values of A and a during compaction were 1.9 mm and 6g (g ¼ acceleration due to gravity). The following trends in behaviour may be seen from Figure 4 .
• The increasing rate of dry unit weight was very large in the initial stage of compaction, but the rate became very small in the later stages.
•
The ultimate compacted dry unit weight is fairly independent of initial dry unit weight, indicating that, upon subsequent compaction using higher energy with a vibratory compactor, any effect induced by the initial manual handling becomes negligible.
Based on the results from the preliminary compaction tests described above, the soil bags for eight tests in series L were compacted on the loading platform ( Figure 5 ) using a vibratory compactor for 5 min (N ¼ 2100), thus applying compaction energy equal to 9450 N-m per bag. Upon completion of the compaction of a lower bag, another uncompacted soil bag was placed on it and then compacted. This procedure was repeated until the soil bag stack reached the prescribed height. During this vibratory compaction process, the acceleration and vertical compression of the sample bags were recorded by using an accelerometer and laser transducer, respectively ( Figure  5 ). Taking an overall volume of a single soil bag as 0.05 m 3 , the total compaction energy applied to the top, second, third and bottom soil bags when using four soil bags was, respectively, 190, 380, 570 and 760 kN-m/m 3 . The total number of soil bags was 14 in tests L10 and L11, and was four in the other series L tests. Figure 6 shows the time histories of compression of the respective soil bag located immediately below the vibrator in tests L1 and L7 (using four soil bags). The compression rate was very large at the beginning stage of the compaction process, but it quickly decreased to a very low value in a minute, very similar to the behaviour in the preliminary tests (Figure 4 ). The compacted dry unit weights of the backfill in the soil bags prepared on the loading platform for vertical compression tests as above (see Table  1 ) are considerably lower than the maximum dry unit weight of the backfill obtained from the standard compaction tests (i.e. 17.2 kN/m 3 ). This is likely due to the fact the backfill in a soil bag was not well confined during compaction compared with the backfill in the metal compaction mould in the standard compaction tests. In addition, although there are dynamic compaction effects due to vibration, the energy per blow is very small. This is because the total energy was transferred through a large number of very small vibratory loads (about 2100 blows in typical series L tests), compared with a much smaller number of blows (N ¼ 75) of much larger compaction load in the standard compaction tests.
In series F, compression tests were performed on piles consisting of nine soil bags that were prepared by compacting four different types of backfill using a relatively heavy (350 kg) compactor in the field. The objective was to evaluate the effectiveness of such a compaction method, which is representative of those adopted in full-scale field construction projects. Soil bags made of PP were filled with 39 kg of moist backfill, at nearly 100% of the capacity of each soil bag. The four different types of soil were made moist at a water content around the respective w opt value for the standard Proctor compaction energy level. These soil bags were then laid on the ground surface in a line, as shown in Figure 7 , and compacted by controlling the number of passes of the field compactor.
Before preparing the soil bag specimens for vertical compression tests in the laboratory, the effectiveness of the compaction method was evaluated by obtaining the relationship between the compacted dry unit weight of the backfill in each soil bag and the number of passes of the roller for all the backfill material types (Figure 8 ). The compacted dry unit weight of the backfill in the respective soil bag was evaluated at its centre by means of the sand replacement method. In general, the compacted dry unit weight tends to increase during the first three passes of the roller, irrespective of the backfill type. Further roller passes were not very effective in increasing the compacted dry unit weight with Hokota sand and REPA. In contrast, FC35 backfill exhibited a large increase in the dry unit weight, even at the fourth pass.
The soil bag specimens with REPA for the series F compression tests were prepared in the field by applying two roller passes, whereas three roller passes were applied to the soil bags with other types of backfill. It was considered, based on the results shown in Figure 8 , that these numbers of passes were sufficient to achieve a similar degree of compaction, around 100%, among these different types of backfill. Discarding two bags placed at the extreme ends (Figure 7 ), the remaining compacted soil bags were brought to the compression-loading platform with minimum possible disturbance. To do this, the soil bags were transported by using a set of wooden boards placed underneath them prior to compaction rather than holding them directly. The transported bags were then slid along the wooden boards and onto the loading platform with utmost care. The dry unit weights of these specimens (series F), obtained based on the dimensions of soil bag piles measured after placement on the loading platform, are listed in Table 1 . These values are considerably smaller than the respective target ª dmax value obtained by method Ab for Hokota sand, FC35 and FC 50, and method Bb for REPA (Table 2 ). This is despite the fact that the respective ª dmax value could be achieved in the field compaction tests by measuring the dry unit weight of the backfill in the soil bags by the sand replacement method (Figure 8 ).
The following are the likely reasons for the abovementioned discrepancy.
• The sand replacement method, although fairly accurate, measured the density at the densest middle part of the backfill in the respective soil bag compacted in the field.
The average backfill dry unit weights of the test specimens listed in Table 1 were obtained based on the entire volume of the soil bags obtained by measuring their external dimensions, which may include some error due to an irregular shape of the soil bags. In particular, no additional compaction energy was applied to the soil bags while stacking them to form a pile on the loading platform. This may have resulted in undulating interfaces between the vertically adjacent soil bags. Hence it is possible that the volume of the soil bags was overestimated, resulting in an underestimation of the dry unit weight of the backfill in the bags stacked on the loading platform.
In the series V tests, the effects of backfill type and compaction energy were evaluated. The soil bags were filled with a moist mass of 39 kg of either Hokota sand or REPA (D max ¼ 37.5 mm). The soil bags were compacted one by one, each for 1 min (as compared with 5 min for the soil bags in series L) by using the same vibratory compaction machine as used to prepare the series L specimens. In total, eight soil bags that had been compacted separately were brought with a minimum disturbance to the adjacent loading platform. A pile of eight soil bags on the loading platform was then subjected to vertical compression, similar to the series F and L tests.
A standard hydraulic loading system with a capacity of 500 kN was used (Figure 9 ). The compressive load and vertical displacement of the loading piston were automatically recorded using a personal computer. The average compressive strain of a given soil bag pile was obtained by dividing the vertical displacement of the loading piston by the initial total height of the soil bag pile. Lateral deformation in all four directions of the soil bag pile were measured at four different heights by means of 16 pulleytype LVDTs, attached to the soil bags with strings. Depending on the total number of soil bags in a test pile, LVDTs were attached to:
• each soil bag (a total of four soil bags); • the first, third, fifth and seventh soil bags (counted from the top of a total of eight soil bags); • the second, fourth, sixth and eighth soil bags (a total of nine soil bags); or • the first, fifth, ninth, and thirteenth (a total of 14 soil bags).
Each lateral displacement measurement was corrected for errors due to large vertical displacements at the target on the sand bag. The average vertical compressive stress, ó v;ave , of a given soil bag pile was calculated by dividing the total compressive load by the instantaneous average crosssectional area of the soil bags obtained by accounting for the average lateral deformation of soil bags, as described above. All the unconfined compression tests on the piles of soil bags were conducted at a constant vertical displacement rate of the loading piston equal to 1.08 mm/min. Table 3 lists the test conditions for and some of the results from the series S tests (Figure 10 ). The top and bottom platens of an existing large direct shear apparatus Wu et al. 2006) were modified by fixing a sheet of steel mesh to the surface of the platens to prevent slippage of soil bags along the platen surfaces. The effect of inserting a geogrid at the interfaces between vertically adjacent soil bags on the shear strength of a soil Figure 9 . Experimental set-up with measurements of axial and lateral deformation of soil bags for vertical compression tests bag pile when subjected to lateral shear loading was evaluated. Each soil bag was filled with a moist mass of 39 kg of either Hokota sand or REPA (D max ¼ 37.5 mm), both at a water content of 10%. A pair of piles, each consisting of four bags (made of PP), was placed on the loading platform (Figure 11 ). Two piles of soil bags, laterally in contact with each other, were arranged so that they could support the movable upper platen of the large direct shear apparatus in a stable manner. To this end, two soil bags at the bottom layer were first lightly compacted by using a 6.5 kg vibratory hand compactor. The next pair of soil bags was then placed on the top of the compacted soil bags and a similar compaction process was repeated to complete the test piles, as illustrated in Figure 10 . As the dry unit weights of the REPA backfill in the soil bags prepared for the series L and series S tests were similar (see Table 1 ), it is likely that the applied effective energy to prepare the specimens for the series S tests was eventually similar to that used to prepare those for the series L tests.
Lateral shear tests (series S)
The soil bag piles were first compressed to the prescribed vertical stress, ó v;ave , before the start of lateral shear loading at a constant displacement rate of 0.3 mm/ min at the top platen. To maintain the upper loading platen parallel to the base platen at a constant vertical load, a compensating moment was applied via a feedback system from the readings of four vertical displacement transducers (LVDTs) set at the four corners of the top loading platen. Lateral displacements at the moving upper platen and the front side face of the stacked bags were measured with a set of LVDTs, as shown in Figure 10 . Figures 12a, 12b and 12c show the relationships between the average vertical (axial) compressive stress ó v;ave and the average vertical (axial) strain å v;ave , of piles of four soil bags from the series L tests, which were performed at an average axial strain rate of 0.35%/min. The results from continuous monotonic loading (ML) tests, L1, L2 and L7, are shown in Figure 12a ; those from ML tests with full unload/reload cycles, L3, L5 and L8, are shown in Figure 12b ; and those from ML tests with several sustained loading stages (each for 12 h), L4, L6 and L9, are shown in Figure 12c . Figure 13 summarises the creep strain increments from the data presented in Figure 12c .
RESULTS FROM VERTICAL COMPRESSION TESTS
General trends and effects of initial compaction
The following trends in behaviour may be seen from these test results.
• The overall stress-strain curves from the respective three tests performed under the same test conditions other than the loading scheme (e.g. tests L7, L8 and L9) are very similar. This result shows a high repeatability of test methodology in the present study.
•
The effects of initial backfill compaction were evaluated by using soil bags made of PE (e.g. tests L1 and L2 such as REPA in drained TC tests at constant confining pressure (Figure 3 ). This difference indicates that the lateral confining pressure acting on the backfill in the soil bag increases with an increase in the axial stress, which results in an enhanced tangent stiffness as well as enhanced ultimate compressive strength of the soil bag. This is one of the advantages of soil bags.
• When the backfill is not initially compacted, the ó v;ave value increases at a very low rate in the initial stage of loading. Furthermore, a large axial strain is necessary to reach the ultimate compressive strength, in particular when the backfill is not initially compacted. These features are among the largest potential problems with soil bags when used as part of a soil structure allowing a limited amount of deformation.
The creep strain during sustained loading is generally large (see Figure 13 ). It is likely that this trend is due to low tangent moduli of the stress-strain relation during primary loading. As seen by comparing the results from tests L4 and L6, when the backfill is not initially compacted, the creep strain is particularly large even at low stress levels. The creep strain decreases owing to initial compaction of the backfill. As shown later in this paper, the creep strain can be reduced more significantly by applying a preload.
• Even in the tests using soil bags made of the weaker material (i.e. PE), the soil bags did not exhibit ultimate compressive failure before reaching the maximum capacity of the loading system (i.e. 500 kN). That is, the compressive strength (ó v;ave ) max of these soil bags under the test conditions for four soil bag piles is much higher than 2.5 MPa. However, this apparent high compressive strength is due largely to end restraint effects, as described in the following paragraphs. Figure 14 shows the relationships between the average axial and average lateral strains in the width (W) and length (L ) directions from three tests: L1 and L2 (four PE soil bags with and without initial backfill compaction), and L10 (14 PE soil bags with initial backfill compaction: see Figure 15 for the stress-strain curve). The following trends in behaviour may be seen from Figures 14a and 14b.
•
The ratio of lateral expansion rate to axial compression rate, Àd(å h;ave )/d(å v;ave ), in the initial stage of loading is very low, whether the soil bags were initially compacted or not. This is due to an initial slackness of the side part of the soil bag, which results in a low developing rate of confining pressure in the backfill, ó c , and hence a low initial stiffness.
The ratio Àd(å h;ave )/d(å v;ave ) in the initial stage becomes slightly larger because of initial compaction of the backfill, which should have resulted in a slightly faster development of ó c at the initial stage than when the backfill is not compacted.
• The ratio Àd(å h;ave )/d(å v;ave ) is generally larger in the width direction than in the length direction, which is due to a lower degree of restraint to lateral expansion in the width direction because of a smaller length. The test results presented in Figure 14c are discussed later in this paper.
Effects of geosynthetic type
The effects of geosynthetic type (PE and PP) on the stress-strain behaviour of a soil bag are readily seen by comparing the results from test pairs L1 and L7 (Figure  12a ), L5 and L8 (Figure 12b ) and L6 and L9 (Figure 12c ). That is, the stiffness of a soil bag specimen increases with an increase in the stiffness of the soil bag material. However, when the backfill is initially compacted, the effects of geosynthetic type on the stiffness at small soil bag strains are much smaller, and are insignificant. This means that, to obtain high initial stiffness of soil bags at smaller strains, a high initial compaction of the backfill is more important than using a soil bag material with a higher stiffness.
By comparing the results from tests L6 (PE) and L9 (PP) in Figure 13 , it may be seen that the creep strain decreases with an increase in the stiffness of soil bag material, and this trend becomes more obvious with an increase in the stress level. Figure 15 shows the results from two tests on a pile of 14 soil bags made of PP and PE with compacted REPA backfill. In these tests, unlike the tests on four soil bags (Figure 12 ), the ultimate compressive strength was attained resulting from the tensile rupture of the geosynthetic sheets of the soil bags. It may be noticed that not only the ultimate compressive strength, but also the prepeak stiffness (except at the very initial stage) of the soil bags made of PP, is substantially larger than that of the soil bags made of PE. It is also seen, by comparing the results presented in Figures 12 and 15 , that the stiffness at high stress levels and the ultimate compressive strength of a pile of 14 soil bags filled with compacted REPA are substantially smaller than those of a pile of four soil bags made of the same geosynthetic type. The strength difference is particularly large when the soil bag is made of the weaker material, PE. This test result indicates that the true strength and stiffness of a soil bag pile are masked by the effects of end restraint, which become larger with a decrease in the height-to-width ratio (H/W ratio) of the soil bag pile. Figure 16 shows the relationships between the ultimate compressive strength q max and the initial H/W ratio for the two soil bag materials PE and PP. The two arrows pointed upwards for the two tests having H/W , 0.6, L1 and L7, mean that the compressive strength was not reached in these tests. Despite the above condition, the effects of initial H/W ratio on the ultimate compressive strength are obvious. Figures 17a and 17b show the specimen of test L10 (14 PE soil bags with compacted REPA, initial H/W ¼ 2.02) before and after the compression test. Figures 17c and 17d are a similar set of photographs for test F2 (on nine PP soil bags with compacted Hokota sand, initial H/W ¼ 2.43; see Figure 18 for the stress-strain relation). In both tests, the ultimate compressive failure was reached associated with tensile rupture of the geosynthetic sheets of the soil bags. It may be seen from these photos that a single global shear band developed, crossing the entire specimen height, which is very similar to the shear band that develops in a homogeneous soil in a laboratory stress-strain test, such as a plane strain compression test. In these tests with a large initial H/W ratio (¼ 2.43), the soil bags located farthest from the top and bottom ends (i.e. located closer to the middle) exhibited lateral strains up to as much as 17% (Figure 14c ). This lateral strain is close to the rupture strains of PE and PP in the tensile tests (Figure 1) . It is likely therefore that, when the soil bag pile reached its compressive strength, the tensile strain in some soil bags had already reached strain at failure. The clear shear failure pattern (Figure 17 ) supports this inference.
Effects of H/W ratio
On the other hand, when the total number of soil bags was four, the maximum lateral strain of soil bags when loading was terminated was about 8% and 14% in tests L1 and L2 (Figures 14a and 14b) , which are lower than the rupture strains of PE and PP in the tensile tests (Figure 1 ). This fact is consistent with the observation that tensile rupture of the geosynthetic sheets of the soil bags did not take place in these tests (L1 and L2). Figure 19 shows the top and bottom faces of the four soil bags before and after test L2. It may be seen that rupture of the geosynthetic sheets of the soil bags did not take place, but they were damaged by other mechanisms, such as tear, fibre rupture or puncture, due primarily to contacts with aggregates under high pressure (Watn and Chew 2002) . Figure 20a shows the tangent Young's moduli, E tan ¼ d(ó v;ave )/d(å v;ave ), plotted against the compressive stress level from typical tests in series L on the piles of four soil bags with initial H/W ratios much smaller than 2 (see Figure 12 for the stress-strain relations). Significant effects of initial backfill compaction on the initial stiffness, as discussed earlier, may be seen. Figure 20b shows similar results from two other tests in series L on a pile of 14 soil bags with initial H/W ratios close to 2 (see Figure  15 for the stress-strain relations). The effects of geosynthetic type on the tangent Young's moduli are obvious, more so at higher stress levels. By comparing the results from Figures 20a and 20b, significant effects of the H/W ratio on the stiffness of soil bag piles can be confirmed.
From the facts described above, it can be concluded that, when the initial H/W ratio is substantially lower than 2, an overall shear band cannot develop owing to the end restraint effects, which results in an overestimation of the compressive strength and stiffness of a soil bag pile when the end restraint effects are significant. For the test conditions in the present study, the H/W ratio should be sufficiently high (2 or more) to obtain strength and stiffness of soil bag piles that are free from end restraint effects.
Effectiveness of preloading
As can be seen from Figures 12 and 20 , when the backfill is not initially compacted, the initial stiffness at relatively small compressive deformation is very low, owing to the negligibly small tensile force introduced in the geosynthetic sheets of the soil bags. However, as seen from Figure 12b , by applying large vertical preloading stress, the tangent stiffness during reloading becomes substantially higher than the values at the same axial stress during primary loading. This trend is more obvious at smaller stress levels. Figure 21a shows the relation- ships between the tangent Young's modulus E tan and the shear stress level during primary loading and reloading phases in the two tests L10 and L11 (H/W ratio close to 2; see Figure 15 ). It may be readily seen that the E tan values during reloading are much higher than the corresponding value at the same stress level during primary loading, as for the test results presented in Figure 20b . These results indicate that one of the most effective ways to increase the stiffness of soil bags is to develop large residual tensile force in the geosynthetic sheets of soil bags and largely strain-harden the backfill by applying relevant preload. Figures 21b and 21c show the relationships between the E tan values during reloading and the ratio of the current stress, ó v;ave , to the maximum preloading stress for the respective reloading branch, (ó v;ave Þ preload , obtained from the data presented in Figure 21a . It may be seen that, in all cases, the E tan value increases at a large rate until the stress becomes 50-60% of the maximum preloading stress, followed by a decrease at a large rate. This result indicates that, to take advantage of preloading, the preload to be applied should be about twice the working load level to which the soil bag structure would be subjected. Figure 18a shows the results from four tests of series F, which are analysed to evaluate the effects of backfill type (described in the next section). In each test, several nearly full unload/reload cycles were applied during continuous monotonic loading (ML tests) to evaluate the effectiveness of preloading, as discussed above. Figure 18b shows the results from two tests with REPA and FC35 backfills, in which sustained loading tests were performed for 8 h at a constant load of 100 kN during the reloading phase as well as at the end of reloading, which is equivalent to 'sustained loading during primary loading'. The ó v;ave value during these sustained loading tests was about 400-450 kPa; it was slightly different among the various tests owing to differing cross-sectional areas. Figure 18c shows the time histories of creep axial strain during these sustained loading tests. The test results clearly show that the creep strain rate during reloading is substantially smaller than the value at the same stress level during primary loading. These test results indicate that preloading is very effective in reducing creep strains of soil bag structures under working loads.
Effects of backfill type
The four different soil types used in the present study ranged from a high-quality coarse granular material (REPA) to finer mixtures: Hokota sand, FC35 and FC50. The effects of backfill type can be seen from the results presented in Figure 18a (series F) and Figure 22 (series V). The pre-peak stiffness is higher when the backfill is REPA than when the backfill is another material, i.e. Hokota sand, FC35 or FC50 (Figure 18a ). The creep strain is also much smaller when the backfill is REPA than when the backfill is FC35 (Figure 18c ). On the other hand, the ultimate compressive strengths for all the backfill types are nearly the same under otherwise same conditions. This result suggests that, under the compaction condition used in the present study, the ultimate compressive strength of soil bag piles is controlled essentially by the tensile strength of the geosynthetic sheets of the soil bags rather than the compressive strength of the backfill material. Figure 23 shows relationships between the shear stress ô vh , the shear displacement s and the vertical displacement d recorded at the top of the specimen relative to the bottom, obtained from six lateral shear tests that were performed on a pair of soil bag piles filled with Hokota sand and REPA (see Table 1 for the test conditions). The tests were performed at three different normal stresses, ó v;ave . Figure  24 shows the distributions of lateral displacement at the specimen lateral face along the specimen height at different shear displacements obtained from a typical test on REPA (test S6). Referring to the test results summarised in Table 3 , the following conclusions can be derived from these figures.
RESULTS FROM LATERAL SHEAR TESTS USING PP SOIL BAGS
• The effects of ó v;ave and backfill soil type on the ô vh -d-s relation are significant: that is, the pre-peak stiffness and shear strength become larger and the volumetric change becomes more contractive with an increase in ó v;ave . Moreover, the shear strength is larger and the volumetric change is less contractive with REPA than with Hokota sand. This trend may likely be due to higher stiffness and strength as well as more dilative properties of REPA than Hokota sand under otherwise similar conditions. In addition, the soil bags with Hokota sand showed a noticeable trend of post-peak strain-softening behaviour, whereas the soil bags with REPA did not. The likely cause for this difference is the different particle sizes of the tested soils. That is, the shear band thickness increases with an increase in the particle size (e.g. Yoshida et al. 1995; Okuyama et al. 2003) . Therefore it is more difficult to develop shear bands when the backfill becomes coarser, which results in a slower strain-softening rate in the post-peak regime.
• Both soil bags filled with Hokota sand and REPA showed only contractive behaviour over the entire range of shear displacement, including the post-shear failure regime examined. Figure 25 shows two Mohr's stress circles at failure for the soil bags with REPA backfill obtained from the two unconfined vertical compression tests on a pile of 14 bags ( Figure 15 ). The major principal stresses of the Mohr's circles are the measured maximum average vertical stresses, ó v;ave . As the compressive strength of the soil bag piles was controlled by the rupture of the geosynthetic sheets of the soil bags, PP and PE (Figures 14c and 17) , it was assumed that the minor principal stresses are equal to the maximum available average confining pressure in the soil bags and are estimated as ó 9 c ¼ 2T = h, where T is the tensile rupture strength of the respective soil bag material, and h is the height of soil bag at failure. A linear MohrCoulomb (M-C) failure criterion was fitted to the two Mohr's circles. The M-C failure criterion of REPA backfill (D max ¼ 19 mm) from the results of the drained TC tests presented in Figure 3 is also shown in Figure 25 . It may be seen that the shear strength versus normal stress relation for the backfill enclosed in the soil bags subjected to the unconfined vertical compression tests (c ¼ 45 kPa and ö ¼ 378) is located noticeably lower than that from the drained TC tests (c ¼ 0 and ö ¼ 588). This discrepancy is likely due to (i) a smaller dry density, and (ii) partial mobilisation of the shear strength of the backfill packed in the soil bags. The stress states at failure on the horizontal plane obtained from the lateral shear tests of soil bag piles, tests S4, S5 and S6, are also plotted in Figure 25 . It is obvious that the peak shear stress mobilised in the backfill in the lateral shear tests of soil bags, fitted by c ¼ 16 kPa and ö ¼ 138, is substantially lower than the value in the vertical compression tests. A large difference among the three relations presented in Figure 25 indicates that the shear strength of the backfill inside soil bags was mobilised only partially, and the mobilisation was much lower in the lateral shear tests than in the vertical compression tests.
DISCUSSION OF TEST RESULTS
A low shear strength of the soil bag piles in the lateral shear tests described above can be attributed to their highly anisotropic strength characteristics, which are due to the following two factors:
•
The soil bags in the lateral shear tests are not laterally confined like soil specimens in a simple shear test. Therefore the shear stresses activated along the vertical interfaces between horizontally adjacent soil bags are very low, as schematically described in Figure 26 , where the vertical shear stress activated along the vertical interfaces is assumed to be zero. This stress condition results in very small complementary shear stresses working on vertical planes inside the backfill. This stress condition is not admissible if the stress condition in the backfill in the soil bag is uniform. This means that the stress condition in the respective soil bag was highly non-uniform, which results in a dominant overturning displacement mode of the soil bag piles and therefore a low shear strength with highly contractive behaviour. This stress condition is very different from that in a soil specimen in a simple shear test.
In the lateral shear tests, the direction of the major principal stress ó9 1 in the backfill should be largely inclined, at an angle between 0 and 908, relative to the vertical direction. When the pure shear condition is assumed, the angle is 458. As the reinforcing effects by lateral geosynthetic sheets of a soil bag are highly anisotropic, the compressive strength when compressed in the direction of ó9 1 in the lateral shear tests should be much lower than the value when compressed vertically, which results in a very low shear strength, as observed above.
The horizontal interfaces between vertically adjacent soil bags were relatively smooth, which resulted in some slippage at the interface. This trend can be seen from some discontinuities at several heights in the slope of the relationship between the shear displacement and the height from the base plate when the shear displacement at the top, s 0 , became 50 mm as plotted in Figure 24 . To examine the effects of this factor on the strength and deformation characteristics of sand bag piles, a sheet of geogrid (geogrid type SS35 with a covering ratio of 0.289) was placed at the interface between vertically adjacent soil bags to prevent slippage at the interface. Figure 27 compares the ô vh -d-s relation from two pairs of tests with and without a geogrid sheet placed between vertically adjacent soil bags. The effects on the pre-peak stiffness were insignificant. However, with this treatment, the postpeak softening disappeared and the peak strength increased, though it was attained at a larger shear displacement.
These trends in behaviour should be accounted for when using a soil bag pile in any geotechnical engineering structure that may be subjected to lateral shear load, such as seismic loading.
CONCLUSIONS
The following conclusions can be derived from the test results and their analysis presented above.
1. Both compressive strength and pre-peak stiffness of a soil bag pile became larger by using soil bags made of a stronger and stiffer geosynthetic. 2. When the height-to-width (H/W) ratio of the soil bag pile was sufficiently high (about 2 for a pile of 14 soil bags in this study), an overall shear band developed in the soil bag system associated with tensile rupture of the geosynthetic sheets of the soil bags. As H/W became smaller than 2, the stiffness at large compressive deformation and ultimate compressive strength of a soil bag pile became larger owing to the restraining effects against free lateral spreading of soil bags at the top and bottom ends of the pile, which increased with a decrease in H/W. 3. The initial stiffness at small deformation of a soil bag pile in vertical compression increased by initial compaction of the backfill in advance, but the effects gradually disappeared during subsequent larger deformation. 4. The pre-peak stiffness became larger when using a well-graded granular material backfill rather than a finer granular material including more fines. On the other hand, the ultimate compressive strength was nearly the same for different backfill types, as the ultimate compressive strength was controlled by the rupture strength of the geotextile sheets of the soil bags. 5. The stiffness at small deformation of a soil bag pile when subjected to vertical compression increased by preloading. To achieve large stiffness at a target working load level during reloading, the preload level should be larger than the working load level by a factor of about 2. The preloading of soil bags also reduced the creep deformation. 6. The shear strength of a soil bag system when sheared laterally was very low when compared with a high compressive strength when compressed vertically. Correspondingly, the shear strength of the backfill was only partially mobilised in the lateral shear test, and the mobilisation was much lower than in the vertical compression tests. This feature is due to the highly anisotropic strength and deformation characteristics of a soil bag pile resulting from the following two factors inherent to the lateral shear tests: (a) negligible complementary shear stresses working along the vertical interface between horizontally adjacent soil bags; and (b) the highly anisotropic nature of the compressive strength of a soil bag due to horizontal tensilereinforcing effects of the lateral geosynthetic sheets of the soil bags. 7. In the lateral shear tests, the use of a geogrid layer to prevent slippage at the horizontal interface between vertically adjacent soil bags resulted in a higher peak strength mobilised at a large shear displacement. However, the pre-peak stiffness did not increase by this treatment. 
